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Outline

• Cosmic ray muons and atmospheric neutrinos

• Introduction to MINOS

• Event selection

• Neutrino-induced muon results: PRD 75:092003 (2007)

• Cosmic ray charge ratio: hep-ex/0705.3815 (accepted 
by PRD

• Note - Atmospheric neutrino contained vertex analysis 
previously presented: PRD 73:072002 (2006)
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Cosmic Ray Muons and Atmospheric 
Neutrinos

• Cosmic ray muons produced by 
primaries interacting in upper 
atmosphere

• Pions and kaons produced in initial 
interactions, then decay into muons 
and neutrinos

• Similar decay chain to the NuMI 
beam

• However very different energy 
range

• Cosmic ray primaries range 102 
- 1011 GeV 

• Atmospheric neutrinos < 1 - 
105 GeV
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Muon and Neutrino Production

θ

• Muons and neutrinos are produced isotropically

• Rate at surface depends on zenith angle and muon energy

dNµ

dEµ
=

0.14E−2.7
µ

cm2ssrGeV

(

1

1 +
1.1Eµ cos θ
115GeV

+
0.054

1 +
1.1Eµ cos θ
850GeV

)

T. Gaisser4



Cosmic Ray Muons vs Neutrino-Induced 
Muons

μ
μμ

μ

μ
μ

μ

ν

ν

ν
• Cosmic ray muons come down

• Rate underground determined by 
overburden of rock above detector

• Neutrino-induced muons from 
horizon and below

• Need a lot of rock to filter out 
highest energy cosmic ray muons 
~105 g/cm2

• Relative rate of cosmic ray muons 
to neutrino-induced muons 105:1
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MINOS Overview

• Main Injector Neutrino Oscillation Search 
is a long baseline neutrino oscillation 
experiment

• Measure the neutrinos on site with the 
near detector

• Measure them again using far detector 
735 km away in Soudan Mine

• MINOS main goal is to make a precision 
measurement of Δm232  (recent W&C 
talk)

• Will also look for sterile neutrinos, νe 
appearance in the beam

• Measurements on cosmic ray muons and 
atmospheric νμ and νμ 
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MINOS Overview

• Main Injector Neutrino Oscillation Search 
is a long baseline neutrino oscillation 
experiment

• Measure the neutrinos on site with the 
near detector

• Measure them again using far detector 
735 km away in Soudan Mine

• MINOS main goal is to make a precision 
measurement of Δm232  (recent W&C 
talk)

• Will also look for sterile neutrinos, νe 
appearance in the beam

• Measurements on cosmic ray muons and 
atmospheric νμ and νμ 
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MINOS Far Detector

• Far Detector is located in Soudan 
Underground Mine - 2341 feet below the 
surface

• Far detector construction began August 
2001, finished in July 2003

• First beam events January 2005

• Far detector collecting data for over 4 
years
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MINOS Far Detector

• Detector is made of alternating layers of 
2.54 cm steel and 1 cm scintillator

• Strips of scintillator mounted to steel 
absorber

• Strips are 4.1 cm wide, up to 8 m long

• Wavelength-shifting (green) fiber used to 
collect scintillation light

• Clear fiber used to bring signal to 
photomultiplier tubes (PMTs)

• PMTs have pixels to read out signals from 
multiple strips

!

!

Z ! Hadronic Shower

e ! EM Shower

W ! Hadronic Shower

!
e

!"
W ! Hadronic Shower

µ

{!#

! ! e ! EM Shower (17%)

! ! µ (17%)

! ! Hadronic Shower (65%)
OR

W ! Hadronic Shower

OR

Neutrino Interactions in MINOS

UZ

VZ

Face On

•MINOS can observe both neutral 
current (NC) and charged 
current (CC) interactions

•Reconstructed events are made 
of  tracks and showers

•The analysis presented in this talk 
is focussed on !" CC events

• EM Rad. length = 0.7 steel planes

•Hadronic Int. length = 7 planes

• 2 GeV muon range = 50 planes

NC

All!

CC

!
e 

CC

!
#
>3.5 GeV

 

CC

!
" 
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• 5.4 kT, 8 m octagon, 484 instrumented planes

• Double ended readout

• M16 PMTs

• Optical summing with 8 strips mapped to each PMT pixel

• Front end electronics capable of good timing resolution - important to select 
neutrino induced muons, beam neutrinos

Far Detector

Magnetic Coil
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Far Detector Magnetic Field

• MINOS is first magnetized large 
underground detector

• Toroidal magnetic field with average 
field strength 1.3 T

• Able to separate μ- from μ+ for large 
range of momenta: 1 - 250 GeV
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PHENO2005

May 3, 2005

Peter Shanahan – Fermilab

For the MINOS Collaboration

1

Status and Prospects of the 

MINOS experiment
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Cosmic Ray Event Display

Face On
•Top left plots show UZ and VZ views

•Bottom left plots show time and charge vs Z

•Right plot is XY view

•Typical through going muon

VZ

UZ

Time vs Z

Q vs Z XY
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Cosmic Ray - Multiple Muon Event

Face On

•~4% of all muons are from multiple muon events

• Example of very high multiplicity

•These events are removed from the analysis

VZ

UZ

Time vs Z

Q vs Z XY
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Muon Direction Determination

Face On

•Need to know how muon moves through detector

• cosθ - where it came from

•Charge determination

• Initial direction found by determining slope of  T vs Z

•Need to cross several planes to have accurate slope

•Hit with smallest time is entrance point or vertex

Z

T
im

e 
(n

s)
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Event Selection

Face On

•Cosmic ray muons and 
atmospheric neutrino-induced 
muons leave similar tracks

•Many of selection requirements 
over lap

• Exclude multiple muons

• Fiducial cut - require muon to 
enter the detector 

•Require good track in event
• Cross enough planes for track 

finding/fitting

• Long enough to get accurate timing

• Good fit for charge and momentum 
determination
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Neutrino-Induced Muon Analysis

Face On
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Neutrino-Induced Muon Selection

Face On

•Good timing resolution needed to 
separate neutrino-induced muons from 
cosmic ray muons

•Detector timing resolution ~ 2.3 ns

• Separate based on 1/β = c/v value for 
event

•ΔT/ΔS used to determine 1/β
•ΔT is time difference between hit and 

vertex

•ΔS is the distance between hit and 
vertex

•Downward-going have 1/β < 0

•Upward-going have 1/β > 0

S (m)Δ
-10 -8 -6 -4 -2 0

T 
(n

s)
Δ

0

10

20
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40

50  = -1.01β1/
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2χ
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y 
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-2

0

2

4

Vertex
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Neutrino-Induced Muon Selection

Face On

•Require fit for 1/β  have            
χ2/ndf < 3

•Upward-going events have          
0.7 < 1/β < 1.3

•At least half the strips in an 
events have signal on both ends

•Consistent direction between 
reconstruction and y vs time

/ndf
β1/

2χ
0 1 2 3 4 5

Ev
en

ts

1
10

210

310

410

510

610

710
Data

Monte Carlo

Downward-going
Upward-going
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Neutrino-Induced Muon Selection

Face On• Flat overburden allows search for neutrino-induced muons along horizon

•Horizontal events have new L/E range for neutrino-induced muon analysis

• Fit exponential to cosmic ray cosθ distribution to determine cut

•Use events with cosθ < 0.05

•Also use fit to determine remaining background

θcos
-1 -0.5 0 0.5 1

Ev
en
ts

-210
-110
1
10
210
310
410

510

610
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Total Events Selected

Face On

•Total events selected is 140

• 130 upward-going

• 10 horizontal

•Backgrounds come from 

•Contained vertex events that pass our fiducial cuts

•Cosmic ray muons that are energetic enough to penetrate the large 
overburden
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Neutrino Disappearance with Neutrino-
Induced Muons

Face On
•Use neutrino-induced muons to look for oscillations

• Plot shows the expected number of events/year vs muon momentum

• Solid lines are without oscillations, dashed lines assuming Super-K best fit 
values

• Low momentum muons show evidence of disappearance

Ev
en

ts
/y

ea
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0

0.5

1
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2
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µ
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1 10 210 310 410 510

-µ
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     Oscillation Parameters
+µ

, Super-K+µ

     Oscillation Parameters

Monte Carlo
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Parent Neutrino Energies for Neutrino-
Induced Muons 

Face On
• Plot shows the distribution of parent neutrino energies for muons with

• 1 < p < 10 GeV/c : Low

• 10 < p < 100 GeV/c : High

• Insufficient curvature information: Undetermined

• Expect low momentum muons to show most evidence of disappearance

Monte Carlo
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Selecting Events with Good Momentum

Face On

•Use curvature in track to 
determine quality of charge and 
momentum determination

•Draw straight line between first 
and last point of track

• Find χ2 for the fit 

• Large curvature → good 
momentum determination

•Divide sample into 3 ranges on 
previous slide: L, H, and U

•Total events in each range and 
charge sign shown
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Evidence for Neutrino Disappearance

Face On

• Plot shows muon momentum 
distribution for events with good 
momentum determination

• See deficit at low momenta

• Find ratio of low to high and 
unknown events in data and Monte 
Carlo

•Double ratio should be unity if 
neutrino do not disappear

• See a 2σ difference from unity

 Unoscillated
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Oscillation Analysis

Face On
• Fit measured intensity in 3 bins of momentum and 3 bins of cosθ
•Oscillations would cause deficit of low momentum muons near nadir

• Include nuisance parameters to account for reconstruction and model 
systematics

•Best fit values: sin22θ = 1.0, Δm2 = 0.93 × 10-3 eV2
25
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Best Fit Contours

Face On
sin22θ

•Contours for 68% and 90% confidence levels shown

•Compare well with previous MINOS result using contained vertex atmospheric 
neutrinos - PRD 73:072002 (2006)

Contained 
Vertex Best Fit
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Test of CPT Conservation

•Use charge separated L and H events to test CPT conservation

• Expect νμ and νμ to disappear at the same rate if CPT conservation holds

•Compare ratio of total number of μ- and μ+ in data and Monte Carlo

•Ratio consistent with unity and CPT conservation
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Recap of Neutrino-Induced Muon Results

Face On

•MINOS observes neutrino-induced muons from below and above the 
horizon

•Ratio of low momentum to sum of high momentum and unknown 
momentum shows neutrino disappearance

•Best fit for oscillation parameters at sin22θ = 1.0, Δm2 = 0.93 × 10-3 eV2

•Observations of μ- and μ+ consistent with CPT conservation

• Future analysis will combine neutrino-induced muons and contained 
vertex events

28



Cosmic Ray Muon Charge Ratio Analysis

Face On
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Cosmic Ray Charge Ratio

Face On

•Cosmic ray primaries have positive charge 

•More positive pions and kaons produced than negative

•Charge ratio of muons will be > 1

•Goal of analysis is to measure ratio 

•Charge ratio important for modeling cosmic ray interactions

• Increasing importance of kaons - increased ratio with increasing energy

• Larger role from heavy elements - decreased ratio with increasing energy

• Increase charm production - decreased ratio with increasing energy

•Charge ratio constrains atmospheric neutrino flux models and ratio of   
νμ / νμ 

R =

Nµ+

Nµ−
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Data Sets

Face On
•Data taken in 2 configurations of magnetic field

• Forward running focused μ- from the south (DF) - 609.82 live days

•Reverse running focused μ+ from the south (DR) - 201.75 live days

• Plot shows daily rate, fluctuations consistent with seasonal effects

DR DFDF

Beam Neutrinos
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Charge Sign Analysis Event Selection

Face On

•Cosmic rays have different 
energies and event 
characteristics than neutrino-
induced muons

•Use different charge sign 
identification cuts than neutrino-
induced muon analysis

•Good track fitting cut -          
(q/p)/σq/p > 2.2

•Charge ratio goes to unity as 
track fitting gets worse - 
random charge ID

•Additional cuts also needed to 
remove systematics

DF

DR
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Determining Cosmic Ray Muon Charge

Face On

• Field and alignment are best known near center of detector

• Field also strongest near coil

• Expect muons crossing many planes in this region to have better fit than 
those crossing the outer regions 33



Charge Identification Selection

•Minimum information cut (MIC) - 
muon within 3.5 m of coil for at 
least 60 planes 

•OR BdL - product of magnetic 
field and distance traveled by 
muon > 12 Tm

•Underground ratio is average of 
these

34
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Minimizing Systematics

• Offset remains in charge ratio for 
forward and reverse data sets

• Acceptance major component of offset

• Use geometric mean of ratios to cancel 
acceptance effects

• Can cancel live time related 
systematics by using equal sized 
samples in geometric mean

DF

DR
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Underground Charge Ratio

•Consider 3 sources of 
systematics
• Incomplete cancelation in 

combination of DF and DR sets

• Changes over time in detector

• Remaining random charge ID

• Plot shows ratio for MIC 
analysis

• Final underground ratio is below MIC
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Vertical Muon Intensity

• Sort single muons into solid angle bins

•Compute intensity for each bin

•Match value bin by bin to Crouch curve 
to get slant depth 

• Slant depth is column of rock between 
detector and surface

Multiplicity Correction

Projected Area
Efficiency

Solid Angle

Correction to vertical for 
solid angle bin

Live Time

Number of muons observed 
in solid angle bin
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Measured Vertical Muon Intensity

•Method produces map of slant depths around detector

• 1 m.w.e = 100 g/cm2

•This plot and the remaining plots are made from the MIC analysis
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Correct to Soudan Rock

• Ely greenstone surrounding 
MINOS is denser than standard 
rock

•Convert slant depth map to 
MINOS rock using 

•Values for constants given in tables

Collisional Energy Loss Factor

Radiative Energy Loss Factor
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Charge Ratio vs Slant Depth

•Charge ratio as a function of Soudan rock

•Charge ratio independent of slant depth
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Determining Surface Energies

• Muons lose energy according to 

• At the surface the muon energy is 

• Each muon is projected back to the 
surface using above equations

• Distributions of surface energies for 
slant depth bins of size 100 mwe 
shown

• Higher surface energies needed to 
penetrate larger columns of rock
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Charge Ratio At Surface

• Charge ratio at surface shown in plot - 1.371 ± 0.003(stat) + 0.012 - 0.010(sys)

• L3+C measured charge ratio ~ 1.285 ± 0.003(stat) ± 0.019(sys)

• Significant increase over previous measurements
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Increase in Charge Ratio

• L3+C measurement for muon energies < 300 GeV

• Expect charge ratio to increase with energy as kaon contribution 
increases

• K+/K- ratio is larger than π+ /π-  

• As energy increases the kaon contribution becomes more important in 
the muon charge ratio

• Use qualitative model to explain increasing charge ratio
Fraction of π decays making μ+ Fraction of K decays making μ+
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πK Model

• MINOS and L3+C data shown in plot

• πK model describes increase of charge ratio as a result of kaon 
contribution becoming more important

• Best fit values - fπ+ = 0.55, fK+ = 0.67
44



Conclusions

45

• MINOS sees increased charge 
ratio

• Qualitative πK model explains 
increase in charge ratio

• Increase due to kaons becoming 
more important in ratio

• Model is consistent with available 
data 

• Preliminary analysis of Near 
Detector confirms rise in charge 
ratio
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